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© Molecular bonded fiber optic couplers and method of fabrication. 

® A fiber optic coupler is formed by heating jux- 
taposed optically fiat surfaces formed on two lengths 
of optical fiber to the glass transition temperature. 
The fibers bond together while preserving the molec- 
ular composition of the fibers at bonded region. 
Depending upon the depth to which the fibers are 
lapped to form the optically flat surfaces, the coupler 
may be either an evanescent field coupler or a core 
intercept coupler. The fibers may be mounted on 
curved substrates and then lapped to form the opti- 
cally fiat surfaces. The optical throughput of a fiber 
may be monitored during assembly of a coupler to 
permit adjustment of the positions of the optically fiat 
surfaces to produce a desired coupling efficiency. 
The fibers may then be bonded together by applica- 
tion of energy from a suitable coherent light source 
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MOLECULAR BONDED FIBER OPTIC COUPLERS AND METHOD OF FABRICATION 



Backoround of the Invention 

This invention relates generally to methods and 
apparatus for bonding optical fibers together. More 
particularly, this invention relates to methods and 
apparatus for forming fiber optic couplers. Still 
more particularly, this invention relates to methods 
and apparatus for forming a coherent molecular 
bond between two optical fibers. 

Some familiarity with the propagation charac- 
teristics of light within an optical fiber will facilitate 
an understanding of both the present Invention and 
the prior art Therefore, a brief discussion of fiber 
optic waveguides, normal modes of propagation of 
light in such waveguides and polarization of light is 
presented. 

The behavior of an optical wave at an interface 
between two dielectric materials depends upon the 
refractive indices of the two materials. If the refrac- 
tive indices of the two dielectrics are identical, then 
the wave propagates across the interface without 
experiencing any change. In the general case of 
different refractive indices, however, there will be a 
reflected wave, which remains in the medium in 
which the wave was first propagating, and a re- 
fracted wave, which propagates beyond the dielec- 
tric interface into the second material with a 
change In direction relative to the incident wave. 
The relative intensities of the reflected and re- 
fracted waves depend upon the angle of incidence 
and the difference between the refractive indices of 
the two materials, rf an optical wave originally prop- 
agating in the higher index material strikes the 
interface at an angle of incidence greater than or 
equal to a critical angle, there will be no refracted 
wave propagated across the interface; and essen- 
tially all of the wave will be totally internally re- 
flected back into the high index region. An ex- 
ponentially decaying evanescent wave associated 
with the incident wave extends a small distance 
beyond the interface. 

Optical fiber has an elongated generally cylin- 
drical core of higher refractive index and a cladding 
of bwer refractive index surrounding the core. Op- 
tical fiber use the principle of total internal reflec- 
tion to confine the energy associated with an op- 
tical wave to the core. The diameter of the core is 
so small that a light beam propagating in the core 
strikes the core only at angles greater than the 
critical angle. Therefore, a light beam follows an 
essentially zig-zag path in the core as ft moves 
between points on the core-cladding interface. 



It is well-known that a light wave may be repre- 
sented by a time-varying electromagnetic field 
comprising orthogonal electric and magnetic field 
vectors having a frequency equal to the frequency 

5 of the fight wave. An electromagnetic wave propa- 
gating through a guiding structure can be de- 
scribed by a set of normal modes. The normal 
modes are the permissible distributions of the elec- 
tric and magnetic fields within the guiding struc- 

w ture. for example, a fiber optic waveguide. The field 
distributions are directly related to the distribution 
of energy within the structure. The normal modes 
are generally represented by mathematical func- 
tions that describe the field components in the 

75 wave in terms of the frequency and spatial distribu- 
tion in the guiding structure. The specific functions 
that describe the normal modes of a waveguide 
depend upon the geometry of the waveguide. For 
an optical fiber, where the guided wave is confined 

20 to a structure having a circular cross section of 
fixed dimensions, only fields having certain fre- 
quencies and spatial distributions will propagate 
without severe attenuation. The waves having field 
components that propagate unattenuated are the 

25 normal modes. A single mode fiber will guide only 
one energy distribution, and a muftimode fiber will 
simultaneously guide a plurality of energy distribu- 
tions. The primary characteristic that determines 
the number of modes a fiber will guide is the' ratio 

30 of the diameter of the fiber core to the wavelength . 
of the light propagated by the fiber. - ~ ~~ • - V 
In describing the normal modes, it is conve- 
nient to refer to the direction of the electric and 
magnetic fields relative to the direction of propaga- 

35 tion of the wave. If only the electric field vector is 
perpendicular to the direction of propagation, which 
is usually called the optic axis, then the wave is 
said to be a transverse electric (TE) mode. If only 
the magnetic field vector is perpendicular to to the 

40 optic axis, the wave is a transverse magnetic (TM) 
mode. If both the electric and magnetic field vec- 
tors are perpendicular to- the optic axis, then the 
wave is a transverse electromagnetic (TEM) mode. 
None of the normal modes require a definite direc- 

46 tion of the field components; and in a TE mode, for 
example, the electric field may be in any direction 
that is perpendicular to the optic axis. 

The direction of the electric field vector in an 
electromagnetic wave is the polarization of the 

50 wave. In general, a wave will have random polariza- 
tion in which there is a uniform distribution of 
electric field vectors pointing in all directions per- 
missible for each mode. If an the electric field 
vectors in a wave point in only one particular 
direction, the wave is linearly polarized. If the elec- 
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trie field consists of two orthogonal electric field 
components of equal magnitude and 45° out of 
phase, the electric field is circularly polarized be- 
cause the net electric field is then a vector that 
rotates around the optic axis at an angular velocity 5 
equal to the frequency of the wave. If the two linear 
I polarizations have unequal magnitudes and phases 

that are neither equal nor opposite, the wave has 
elliptical polarization. In general, any arbitrary po- 
larization can be represented by either the sum of jo 
two orthogonal linear polarizations, two oppositely 
directed circular polarizations or two oppositely di- 
rected elliptical polarizations having orthogonal 
semi-major axes. 

Propagation characteristics such as velocity, 75 
for example, of an optical wave depend upon the 
polarization of the wave and the index of refraction 
of the medium through which the light propagates. 
Certain materials, including optical fiber, have dif- 
ferent refractive indices for different polarizations. A 20 
material that has two refractive Indices is said to be 
birefringent 

The polarization of an optical signal is some- 
times referred to as a mode. A standard single 
mode optical fiber will propagate two waves of the 25 
same frequency and spatial distribution that have 
two different polarizations. A multimode fiber will 
propagate two polarizations for each propagation 
mode. Two different polarization components of the 
same normal mode can propagate through a 30 
birefringent material unchanged except for a dif- 
ference in velocity of the two polarizations. Po- 
larization is particularly important in interferometric 
sensors because only waves having the same po- 
larization will produce the desired interference pat- 35 
isms. 

An optical coupler joins two fibers for transmit- 
ting optical energy from one fiber to the other. 
Optical couplers are used in many applications of 
optical fiber, including constructing fiber optic inter- aq 
ferometers, resonators, sensor arrays and data 
buses. 

Among the parameters that are considered in 
forming an optical coupler are the polarizations of 
the waves before and after coupling, the fraction of 45 
energy to be coupled from one fiber to the other, 
the insertion loss of the coupler and whether the 
fibers guide only a single mode or a multiplicity of 
modes. 

Several methods have been employed for join- 50 
Ing two fibers to form a coupler for transmitting 
optical energy from one fiber to the other. A first 
technique for joining two fibers results in the bicon- 
ical tapered fiber optic coupler. The fibers are 
placed together, twisted and then heated to near 55 
the melting point to fuse them during application of 
a force to stretch the fibers. The heating and twist- 
ing steps in the formation of the biconical tapered 



fiber optic coupler result in alteration of the molec- 
ular arrangements of the materials comprising the 
joined fibers. In particular, the heating and twisting 
alters the distributions of impurities used as dop- 
ants to control the refractive indices of the core. 

The refractive index of a material depends 
upon its molecular structure; therefore, forming the 
biconical tapered fiber optic coupler, in general, 
produces localized changes in the refractive in- 
dices of the fibers. These changes in refractive 
indices are uncontrollable and cause undesirable, 
uncontrollable reflections and refraction at the inter- 
faces between the fibers, ft is therefore difficult to 
fabricate biconical tapered fiber optic coupler hav- 
ing coupling efficiencies predetermined for specific 
applications. 

Another technique for joining two fibers in- 
cludes grinding flat surfaces on facing portions of 
the fibers and joining them by mechanically fixing 
the surfaces in juxtaposition with a refractive index 
matching oil or other material that enhances light 
transmission between the fibers. 

These and other prior methods of forming fiber 
optic couplers have the disadvantage of suffering 
undesirably high loss of optical signal intensity. 
These prior fabrication techniques generally fail to 
facilitate control of the amount of light transmitted 
by any particular coupler and also fail to permit 
control of the amount of light that will be coupled 
from one fiber to another. Such problems are caus- 
ed by the inherent intermolecular inhomogeneities 
and discontinuities that occur at the interface? dur- 
ing prior fabrication processes for joining fibers. 
Further, prior fabrication techniques are not con? 
ducive to producing the great numbers of optical 
couplers required in communications, data pro - 
cessing and sensor applications. 

Many applications of fiber optic couplers re- 
quire very low signal loss in the coupler and also 
require couplers having critically selected light 
transmission and coupling characteristics. Large 
numbers of such couplers are required for practical 
applications of optical fibers. 



Summarv 'of the Invention 

The present invention provides a method and 
apparatus for forming fiber optic couplers that 
avoid the inherent problems of couplers fabricated 
according to previous techniques. In the present 
invention bonding of a pair of optical fibers occurs 
at the molecular level in a critical fashion such that 
the molecular structure of the glass is coherently 
homogeneous and uniform across the bonded sur- 
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feces, thereby preserving the physical characteris- 
tics of light transmission across the coupGng junc- 
tion and avoiding unnecessary loss of signal inten- 
sity. 

The present invention permits precise control 
of the amount of light coupled between fibers and 
is suitable for mass production of optical couplers 
having precisely selected coupling and transmis- 
sion characteristics. 

The present invention provides a fiber optic 
coupler for coupling an optical wave between a pair 
of optical fibers each having a central core sur- 
rounded by a cladding, the cores and claddings 
having characteristic refractive indices, comprising 
a first planar surface formed on a first optica! fiber 
by removing at least a portion of the cladding 
therefrom and a second planar surface formed on a 
second optical fiber by removing at least a portion 
of the cladding therefrom, the first and second 
planar surfaces being juxtaposed to form an inter- 
action region wherein light is to propagate between 
the fibers. A coherent molecular bond is formed 
between the first and second planar surfaces with- 
out altering the core and cladding refractive indices 
across the joined surfaces. 

In one embodiment of the invention, the planar 
surfaces are formed by removing portions of the 
cladding from curved lengths of the optical fibers 
such that evanescent field coupling at the inter- 
action region between optical waves guided by a 
first one of the fibers and the other fiber couples 
energy between the fibers. 

In another embodiment of the invention the 
planar surfaces are formed by removing portions of 
the cladding and a portions of the core from curved 
lengths of the optical fibers such that juxtaposing 
the fiber cores forms an intercepting core coupler. 

The present invention includes a fiber optic 
coupler for coupling an optical wave between a pair 
of optical fibers each having a central core sur- 
rounded by a cladding, the cores and claddings 
having characteristic refractive indices. The coupler 
according to the invention is formed by the process 
comprising forming a first planar surface formed on 
a first optical fiber by removing at least a portion of 
the cladding therefrom and forming a second 
planar surface on a second optical fiber by remov- 
ing at least a portion of the cladding therefrom, the 
first and second planar surfaces being juxtaposed 
to form an interaction region wherein fight propa- 
gates between the fibers; and forming a coherent 
molecular intermolecular bond formed between the 
first and second planar surfaces without altering the 
local core and dadoing refractive indices. 

The coherent molecular bond that Joins the 
fibers to form the coupler may be formed by the 
process comprising aligning the planar surfaces 
relative to one another to provide a predetermined 



coupling efficiency; and applying a controlled 
amount of energy to the planar surfaces to cause 
them to bond together, forming a homogeneous, 
coherent intermolecuiariy bonded structure. 

5 The method of the present invention for for- 
ming a fiber optic coupler for coupling an optical 
wave between a pair of optical fibers each having a 
central core surrounded by a cladding, the cores 
and claddings having characteristic refractive in- 

io dices, comprises the steps of. forming a first planar 
surface formed on a first optical fiber by removing 
a least a portion of the cladding therefrom; forming 
a second planar surface formed on a second op- 
tical fiber by removing at least a portion of the 

75 cladding therefrom, the first and second planar 
surfaces being juxtaposed to form an interaction 
region wherein light propagates between the fibers; 
and forming a coherent molecular bond between 
the first and second planar surfaces without altering 

20 the local core and cladding refractive indices by 
causing intermolecular inhomogeneities and dis- 
continuities across the joined surfaces. 

The step of forming the coherent molecular 
bond may comprise the steps of aligning the planar 

25 surfaces relative to one another to provide a pre- 
determined coupling efficiency; and applying a 
controlled amount of energy to the planar surfaces 
to cause them to bond together, thereby forming a 
homogeneous, coherent Intermolecuiariy bonded 

30 structure. 

The step of applying energy to the planar 
surfaces may include focusing a beam of coherent 
light thereon. The step of forming a coherent mo- 
lecular bond may include heating the fibers to a 

35 transition temperature below the melting tempera?-? 
ture of the fibers. 



Brief Description of the Drawings 

40 

Figure 1 is a cross sectional view of a fiber 
optic evanescent field coupler formed according to 
the present invention; 

Figure 2 is a cross sectional view of the fiber 
46 optic evanescent field coupler taken along line 2-2 
of Figure 1; 

Figure 3 is a plan view showing an oval 
surface on a portion of an optical fiber included in 
the fiber optic evanescent field coupler of Figures 1 
50 and 2; 

Figure 4 is a cross sectional view of an 
intercepting core coupler formed according to the 
present invention; 

Figure 5 is a cross sectional view taken 
55 along One 5-5 of Figure 4; 
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Figure 6 is a plan view showing core and 
cladding planar surfaces on a portion of an optical 
fiber included in the fiber optic intercepting core 
coupler of Figures 4 and 5; 

Figure 7 is a plan view illustrates a system 
for joining two optical fibers to form either an 
evanescent field fiber optic coupler as shown in 
Figures 1-3 or an intercepting field coupler as 
shown in Figures 4-6; 

Figure 8 is an cross sectional view showing 
alignment of a pair of optical fibers with a Jig and 
application of energy thereto for bonding the fibers 
together to form a fiber optic coupler; 

Figure 9 is a plan view of the apparatus of 
Figure 8; and 

Figure 10 illustrates formation of an optically 
flat surface on an optical fiber to be used in for- 
ming a fiber optic coupler. 

Description of the Preferred Embodiment 

Evanescent Field Coupler 

As illustrated in Figure 1, a coupler 20 formed 
according to the method of the invention includes a 
pair of optical fibers 22 and 24 mounted together. 
The fiber 22 has a core 26 and a cladding 28, and 
the fiber 24 has a core 30 and a cladding 32. As 
explained subsequently, an* oval shaped optically 
flat surface 34 is formed in the cladding 28 of the 
fiber 22. Similarly, an oval shaped optically flat 
surface 36 is formed in the cladding 32 of the fiber 
22. 

The oval surfaces 34 and 36 are juxtaposed in 
facing relationship to form an interaction region 42 
wherein the evanescent fields of light propagated 
by each of the fibers 22 and 24 interact with the 
other fiber. The quality and quantity of light cross- 
ing or interacting across the juxtaposed surfaces 34 
and 36 are affected by discontinuities, in- 
homogeneities and other local defects caused in 
the interaction region by the manner of joining and 
the type of bond produced between the surfaces 
34 and 36. The essence of the present invention is 
a coupler and method of fabrication thereof that 
comprises a bonded surface that is molecularly 
coherent, homogeneous and continuous across and 
around the joined surfaces 34 and 36 of the fibers 
22 and 24. Accordingly, local irregularities in the 
refractive Indices are avoided, with the resultant 
interaction region 46 of the joined region having 
well behaved refractive indices throughout as ex- 
pected for a molecularly consistent material. 

The amount of fiber optic material removed 
increases gradually from zero at the edges of the 
oval-shaped planar surfaces 34 and 36 to a maxi- 
mum amount at the centers thereof. The tapered 



removal of fiber optic material enables the fibers 22 
and 24 to converge and diverge gradually, which is 
advantageous for avoiding backward reflection and 
excessive loss of light energy at the interaction 

5 region 42. The gradual curvature of the fibers 22 
and 24 prevents sharp bends or other abrupt 
changes in direction of the fibers 22 and 24 to 
avoid power loss through mode perturbation. 

Light is transferred between the fibers 22 and 

10 24 by evanescent field coupling at the interaction 
region 42. The core 26 has a refractive index that 
is greater than that of the cladding 28, and the 
diameter of the core 26 is such that light propagat- 
ing within the core 26 internally reflects at the core- 

75 cladding interface. Most of the optical energy guid- 
ed by the optical fiber 22 is confined to its core 26. 
However, solution of the wave equations for the 
fiber 22 and applying the well-known boundary 
conditions shows that the energy distribution al- 

20 though primarily In the core 26, includes a portion 
that extends into the cladding and decays ex- 
ponentially as the radius from the center of the 
fiber increases. The exponentially decaying portion 
of the energy distribution within the fiber 22 is 

25 generally called the evanescent field. If the evanes- 
cent field of the optical energy initially propagated 
by the fiber 22 extends a sufficient distance into 
the fiber 24, energy will couple from the fiber 22 
into the fiber 24. 

30 . It has been found that to ensure proper eva- 
nescent field coupling, the amount of material re- 
moved from the fibers 22 and 24 must be carefully 
controlled so that the spacing between the* cores of 
the fibers 22 and 24 is within a predetermined 

as critical zone. The evanescent field extends a short 
distance into the cladding and decreases rapidly in 
magnitude with distance outside the fiber core. 
Thus, sufficient fiber optic material should be re- 
moved to permit overlap between the evanescent 

40 fields of waves propagated by the two fibers 22 
and 24. If too little material is removed, the cores 
will not be sufficiently close to permit the evanes- 
cent fields to cause the desired Interaction of the 
guided waves; and therefore, insufficient coupling 

46 will result 

Conversely, removal of too much material al- 
ters the propagation characteristics of the fibers, 
resulting in loss of Gght energy from the fibers due 
to mode perturbation. However, when the spacing 

so between the cores of the fibers 22 and 24 Is within 
the critical zone, each fiber 22 and 24 receives a 
significant portion of the evanescent field energy 
from the other to achieve good coupling without 
significant energy loss. The critical zone Includes 

66 the region in which the evanescent fields of the 
fibers 22 and 24 overlap sufficiently to provide 
good evanescent field coupling with each core be- 
ing within the evanescent field of light guided by 
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the other core, ft is believed that for weakly guided 
modes, such as the HE,, mode guided by single 
mode fibers, mode perturbation occurs when the 
fiber core is exposed- Therefore, the critical zone is 
the core spacing that causes the evanescent fields 
to overlap sufficiently to cause coupling without 
causing substantial mode perturbation induced 
power loss. 

The extent of the critical zone for a particular 
coupler depends upon a number of factors, such 
as the physical parameters of the fibers and the 
geometry of the coupler. The critical zone also is 
affected by the type of bond formed between the 
joined fibers. The critical zone may be quite narrow 
for a single mode fiber having a step Index profile. 
The center-to-center spacing of the fibers 22 and 
24 is typically less that two to three core diam- 
eters. 

The fibers 22 and 24 preferably have substan- 
tially identical core and cladding diameters, the 
same radius of curvature at the interaction zone 42, 
and the same amount of fiber optic material re- 
moved therefrom to form the interaction region 42. 
The fibers 22 and 24 are symmetrica) through the 
interaction region 42 in the planes of the surfaces 
34 and 36. respectively, so that the facing planar 
oval surfaces of the fibers 22 and 24 are coexten- 
sive when they are superimposed. The two fibers 
22 and 24 therefore have identical propagation 
characteristics at the interaction region, thereby 
avoiding reduction in coupling that is associated 
with dissimilar propagation characteristics. Each of 
the optical fibers 22 and 24 has a propagation 
constant that determines the parameters, such as 
wavelength, reflection at interfaces and attenuation 
of waves propagating therein. It is well-known that 
energy couples between media having substantially 
identical propagation constants more easily than 
between media having different propagation con- 
stants. Therefore, in forming the coupler 20, it is 
desirable to minimize variations of the propagation 
constant at the Interaction region 42. 

The coupler 20 of Figures 1 and 4 includes 
four ports labeled 20 A, 20B, 20C and 20D. Ports 
20A and 20B, which are on the left and right sides, 
respectively, of the coupler 20 correspond to the 
fiber 22. The ports 20O and 20D, which are on the 
left and right sides, respectively, of the coupler 20 
correspond to the fiber 24. For purposes of ex- 
planation It is assumed that an optical signal input 
is applied to port 20A through the fiber 22. The 
signal passes through the coupler 20 and is output 
at either one or both of ports 20B or 20C depend- 
ing upon the amount of coupling between the fibers 
22 and 24. The "coupling constant" is defined as 
the ratio of the coupled power to the total output 
power. 



In the above example, the coupling constant is 
the ratio of the power output at port 20D divided by 
the sum of the power output at the ports 20B and 
20D. This ratio is sometimes called the "coupling 

s efficiency", which is typically expressed as a per- 
cent Therefore, when the term "coupling constant" 
is used herein, ft should be understood that the 
corresponding coupGng efficiency is equal to the 
coupling constant times 100. 

to The coupler 20 may be tuned to adjust the 
coupling constant to any desired value between 
zero and 1.0 by offsetting the confronting surfaces 
34 and 36 to control the dimensions of the region 
of overlap of the evanescent fields of waves guided 

is by the fibers 22 and 24. Tuning may be accom- 
plished by sliding the substrates 34 and 36 laterally 
or longitudinally relative to one another during as- 
sembly of the coupler 20. 

The coupler 20 is highly directional with sub- 

20 stantiaHy all of the power applied at one side there- 
of being output at the ports on the other side. 
Substantially all of the light applied as an input to 
either ports 20A or 20C is delivered to ports 20B 
and 20D without appreciable contra-directional cou- 

25 pfing. The directional characteristic is symmetrical 
in that light applied to either ports 20B or 20D is 
delivered to ports 20A and 20 B. The coupler 20 is 
essentially non-discriminatory with respect to po- 
larizations and preserves the polarization of light 

30 input thereto. 

Light that is cross-coupled from one of the 
fibers 22 and 24 to the other undergoes a phase 
shift of W2, but fight that passes straight 'through 
the coupler 20 without being cross-coupled is not„- 

35 shifted in phase. For example, if the coupSif 20 has," 
a coupling constant of 0.5, and an optical signal is" . - 
input to port 20 A, then the outputs at ports 20B and 
20D will be of equal magnitude; but the output at 
port 20D will be shifted in phase by W2 relative to 

AO the output at port 20B. 

The coupler 20 is a low loss device, having 
typical insertion losses of about 0.1% to 0-2%. The 
term "insertion loss" as used herein refers to the 
real scattering losses of light energy passing 

45 through the coupler 20. For example, if light energy 
is input to port 20A; and the fight energy output at 
ports 20B and 20D totals 97% of the input energy, 
the insertion loss is 3%. The term "coupler trans- 
mission" is defined as one minus the insertion loss 

so and is typically expressed an a decimal fraction. 



Intercepting Core Coupler 

Referring to Figure 4, an intercepting core fiber 
optic coupler 48 formed according to the methods 
of the present invention includes a pair of optical 
fibers 50 and 52. 



6 



11 



0 229 456 



12 



The fiber 50 is polished to remove sufficient 
fiber optic material to expose a core portion 62 and 
a cladding portion 64 on the fiber 50. Similarly, the 
fiber 52 is polished to remove sufficient fiber optic 
materia] to expose a core portion 66 and a cladding 5 
portion 68 on the fiber 52. The fibers 50 and 52 
preferably have identical diameters, and the core 
and cladding portions 62 and 64 have dimensions 
substantially identical to the core and cladding por- 
tions 66 and 68, respectively. The dimensions of to 
the core portion 62 the cladding portion 64 are 
determined by the diameters of the core and clad- 
ding of the fiber 50 and the depth to which fiber 
optic material is removed therefrom. Similarly, the 
dimensions of the core portion 66 the cladding 75 
portion 68 are determined by the diameters of the 
core and cladding of the fiber 52 and the depth to 
which fiber optic material is removed therefrom. 

The exposed core portions 62 and 66 and the 
cladding portions 64 and 68 are juxtaposed in 20 
facing relationship. The fibers 50 and 52 are then 
bonded together as described subsequently herein. 
The coupling efficiency of the coupler 48 is deter- 
mined primarily by the depths to which material Is 
removed from the cores of the fibers 50 and 52 25 
and the relative positions of the fiat regions thereon 
when the fibers are bonded together. 

if the fibers 50 and 52 have different diameters, 
then they will ordinarily be polished to different 
depths so that the exposed core and cladding so 
portions, respectively, will have essentially the 
same dimensions. If the fiber 50 has a smaller core 
diameter than the fiber 52, the coupling efficiency 
of the coupler 48 depends on which fiber carries 
the optical wave to the region where the cores 35 
intercept The coupling efficiency will in genera! be 
higher when the fight is incident upon the coupler 
48 from within the fiber having the smaller diam- 
eter. 



Method of Fabrication 

The ensuing description of the processes for 
fabricating the couplers 20 and 48 begins with a 45 
description of the steps used for fabricating the 
evanescent field coupler 20. Many identical steps 
are involved in fabricating the evanescent field cou- 
pler 20 and the intercepting core coupler 48. The 
process for fabricating the intercepting core cou- so 
pier 48 will point out the similarities and differences 
between the fabrication methods. 

The first step in formation of the coupler 20 is 
to remove any jacketing material that may be on a 
length of a few centimeters of the fibers to provide 55 
access to the bare cladding thereof. Referring to 
Figures 7 and 8, the fibers 22 and 24 are then 
attached to convexly curved surfaces of a pair of 




substrates 70 and 72, respectively, by the use of 
any suitable adhesive. The substrates 70 and 72 
may be made of any generally rigid material, such 
as glass, metal or plastic. The radii of curvature of 
the substrates 70 and 72 preferably are identical 
and are sufficiently large to preclude the risk of 
fracturing the fibers as they are bent to conform to 
the curvature. 

The central portions of the fibers 22 and 24 
may then be lapped using conventional lapping 
methods to a predetermined depth to remove clad- 
ding material therefrom and form the planar sur- 
faces 34 and 36, respectively. The planar surfaces 
34 and 36 should be sufficiently flat that they tend 
to adhere to one another when they are placed 
together with no adhesive or index matching oil 
therebetween. 

A lapping technique that has been found to be 
advantageous in forming the planar surfaces 34 
and 36 to be optically flat is illustrated in Figure 10. 
The fiber 22 is shown mounted to the substrate 70, 
which is connected to a retainer 73 by any suitable 
means, such as clamping or gluing. The retainer 73 
is supported on a shaft 75 that extends from a 
motor 77, which controls the elevation of the shaft 
77 and retainer 75 relative to an optically flat lap- 
ping surface 79. The lapping begins with the cen- 
tral portion of the convexly curved fiber 22 being 
tangent to the lapping surface 79. As the lapping 
proceeds, the motor 77 lowers the shaft 75, the 
retainer 73 and the substrate 70 with the fiber 22. 
attached thereto such that the planar surface. 34 is 
formed by lapping radially inward from the point of 
initial contact between the fiber 22 and the lapping 
surface 79. 

A preferred metiiod for determining the depth > 
to which the fiber is lapped is to apply an optical 
signal to one end thereof from a laser 81 and to 
monitor the optical output at the other end with a 
photodetector 83. A lapping slurry having a refrac- 
tive index near that of the fiber 22 is maintained on 
the lapping surface 79 during the lapping process. 
As the lapping proceeds, light couples from the 
fiber 22 into the lapping slurry, thereby reducing 
the optical throughput of the fiber 22. The optical 
throughput may be correlated to the lapping depth. 
In general, the relation between the optical through- 
put and lapping depth depends upon the specific 
type of fiber being lapped. Therefore, it is neces- 
sary to perform a series of measurements of the 
lapping depth as a function of optical throughput to 
produce a calibration curve for the particular fiber 
being lapped and the lapping slurry used therewith. 





As explained previously, care must be taken to 
avoid removal of too much cladding material from 
the fibers used to form the evanescent field coupler 
20. Using ordinary single mode fiber, forming the 
coupler 20 to have a coupling efficiency of one to 
two percent requires removal of about ten percent 
of the core depth at the center of the ova! surfaces. 

After the fibers 22 and 24 are mounted on the 
corresponding substrates 70 and 72 and the oval 
surfaces are formed using, for example, the meth- 
ods described above, the planar surfaces 34 and 
36 are placed in juxtaposition as shown in Figures 
7-9. A preferred method for holding the surfaces 34 
and 36 in the desired positions is to place the 
substrates 70 and 72 are placed in a jig 82 as 
shown in Figure 9. The jig 82 includes a pair of 
retainers 84 and 86 for holding the substrates 70 
and 72. respectively, so that they are movable with 
respect to one another. The substrates 70 and 72 
are placed in desired positions relative to one an- 
other and then the fibers 22 and 24 are bonded 
together. Ordinarily, the fibers 22 and 24 will be 
positioned to maximize the coupling of optical sig- 
nals therebetween. 

The coupler 20 may be formed to have a 
desired coupling constant One preferred method 
for assuring achievement of a desired coupling 
constant includes the step of inputting an optical 
signal from a laser 90 into an end 92 of the fiber 
22. The intensities of the optical signals emanating 
from the fibers 22 and 24 after the input beam has 
impinged upon the interaction region 42 are mon- 
itored using suitable photodetectors 94 and 96, 
respectively, while the substrates are manipulated 
to achieve a desired coupling efficiency. The 
amount of coupling may be varied by moving the 
substrates 28 in the jig 72 to adjust the amount of 
overlap of the planar surfaces 30 and 32. The 
coupling efficiency is 
1? = 1 ~\A 

= Wt + u-\ 

where n is the coupling efficiency, h is the light 
intensity input to fiber 22, l t is the light transmitted 
through fiber 22 beyond the interaction region 42 
and l c is the Eight intensity coupled from fiber 22 to 
fiber 24. 

After the fibers 22 and 24 have been posi- 
tioned to provide the desired coupling constant 
energy is applied to the interface of the planar 
surfaces 30 and 32. As shown in Figure 8. the 
energy source may be a laser 9a The laser 98 is 
preferably a COi laser, and it should produce an 
output beam that will heat the fibers 22 and 24 to a 
temperature near the glass transition temperature. 
The energy source may also be an ultrasonic wave 
generator, an induction heating source or other 
suitable device for providing the desired amount of 
heat to the fibers 22 and 24. As shown in Figures 8 



and 9, a force F may be applied to compress the 
fibers 22 and 24 together during the bonding pro- 
cess. Generally it has been found that a compres- 
sive force of about a pound facilitates formation of 
s the coherent molecular bond 

The transition temperature is below the melting 
point of the glass from which the fibers 22 and 24 
are formed. The transition temperature depends 
upon the materials comprising the fibers 22 and 24. 
to Most optical fiber is formed from silicon dioxide 
with a dopant such as germanium dioxide or boron 
added thereto to control the refractive index. Such 
fibers typically have transition temperatures in the 
range of 1100°C to 1200°C. The transition tem- 
75 perature should be determined experimentally for 
the fibers to be joined, and the energy output from 
the laser 98 should be controlled to assure that the 
temperature in the bonded region does not exceed 
the transition temperature. The transition tempera- 
20 tore of an optical fiber is attained when the fiber 
begins to soften as the temperature increases. 

Applying the output of the laser 98 over the 
juncture of the surfaces 30 and 32 fuses the fibers 
22 and 24 together. It has been found that the 
25 above described method forms a junction of the 
surfaces 30 and 32 that results in a coherent mo- 
lecular bonded region having the same physical 
structure and the same optical characteristics as 
the bulk material comprising 22 and 24. 
30 The processes of forming and joining optically 
fiat surfaces on fiber 22 and 24 described herein 
provide a fiber optic coupler having a bonded sur- 
face that is molecularly coherent homogeneous 
and continuous across and around the joined suf* 
35 faces 34 and 36 of the fibers 22 and 24 Accord- 
ingly, local irregularities in the refractive indices are 
avoided, with the resultant interaction region 46 of 
the joined region having well behaved refractive 
indices throughout as expected for a molecularly 
40 consistent material The step of coupling light from 
the fibers 22 and 24 while they are lapped to form 
the optically flat surfaces 34 and 36, respectively, 
permits sufficient control of the lapping depth fab- 
rication to form the coupler 20 to have a predeter- 
45 mined coupling efficiency. 

The primary difference between the steps for 
fabricating the evanescent field coupler 20 and the 
intercepting core coupler 48 is the depth to which 
the fibers 22, 24. 50 and 52 are lapped. The 
so amount of coupling depends upon the length of the 
interaction zone, which is a function of the lapping 
depth and the radius of curvature of the fiber being 
lapped. It has been found that In general a 3 dB 
intercepting core coupler should have the fibers 
55 lapped to remove 50% of the core to provide full 
modal mixing. It is well known from electromag- 
netic theory that the energy distributions of the 
normal modes varies with the radial distance from 
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the center of an optical fiber. The energy in the 
lower order modes tends to be primarily in the 
centra] region of the core, whereas the higher order 
modes tend to have more energy near the 
core/cladding interface. Since most of the energy 5 
in a multimode fiber is in the lower order modes, 
good coupling is facilitated by having the central 
regions of the cores in contact 

Couplers formed according to the above de- 
scribed method have been cut into sections and to 
examined with high power microscopes and a 
mireau interferometer. These instruments show that 
the bond interface has no distortion of the molecu- 
lar arrangements of the cores or the claddings of 
the fibers and that the molecular structure of the is 
interface is identical to that of the fibers. 



Claims 

20 

1. A fiber optic coupler for coupling an optical 
wave between a pair of optical fibers each having a 
central core surrounded by a cladding, the cores 
and claddings having characteristic refractive in- 
dices, comprising: 25 
a first planar surface formed on a first optical fiber 

by removing at least a portion of the cladding 
therefrom; 

a second planar surface formed on a second op- 
tical fiber by removing at least a portion of the 30 
cladding therefrom, the first and second planar 
surfaces being juxtaposed to form an interaction 
region wherein light propagates between the fibers; 
and 

a coherent molecular bond formed between the 35 
first and second planar surfaces. 

2. The fiber optic coupler of claim 1 wherein 
the coherent molecular bond is formed while main- 
taining the characteristic core and cladding refrac- 
tive indices constant at the interaction region. <o 

3. The fiber optic coupler of daim 1 wherein 
the coherent molecular bond is formed by lapping 
the first and second planar surface to be optically 
flat and bonding them together by application of a 
controlled amount of energy thereto. *e 

4. The fiber optic coupler of claim 3 wherein a 
compressive force is applied to the first and sec- 
ond fibers to apply pressure between the first and 
second planar surfaces as they are bonded to- 
gether, so 

5. A method for forming a fiber optic coupler 
for coupling an optical wave between a pair of 
optical fibers each having a central core surround- 
ed by a cladding, the cores and claddings having 
characteristic refractive indices, comprising the 55 
steps of. 

forming a first planar surface formed on a first 
optical fiber by removing at least a portion of the 



cladding therefrom; 

forming a second planar surface formed on a sec- 
ond optical fiber by removing at least a portion of 
the cladding therefrom, the first and second planar 
surfaces being juxtaposed to form an interaction 
region wherein light propagates between the fibers; 
and 

forming a coherent molecular bond formed be- 
tween the first and second planar surfaces. 

6. The method of claim 5 wherein the step of 
forming the coherent molecular bond comprises 
the steps of: 

aligning the planar surfaces relative to one another 
to provide a predetermined coupling efficiency; and 
applying energy to the planar surfaces to bond 
them together. 

7. The method of claim 6 wherein the step of 
aligning the planar surfaces includes the steps of. 
introducing an optical beam into a first end of one 
of the fibers on one side of the interaction region; 
and 

monitoring the optical energy output from an end of 
at least one of the fibers on the other side of the 
interaction region. 

8. The method of claim 6 wherein the step of 
applying energy to the planar surfaces includes 
focusing a beam of coherent light thereon. 

9. The method of claim 6 wherein forming a 
coherent molecular bond includes heating the fi- 
bers to a transition temperature below the melting 
temperature of the fibers. 

10. The method of claim 9, further including 
the step of applying a compressive force Is to the 
first and second fibers to apply pressure between, 
the first and second planar surfaces as~they-afe 
bonded together. 
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